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The anamnestic response is the property of the immune system that makes vaccine development possible.
Although the development of a vaccine against Mycobacterium tuberculosis is an important global priority, there
are many gaps in our understanding of how immunological memory develops following M. tuberculosis infection
or after BCG vaccination. In experiments designed to compare the anamnestic response of susceptible and
resistant mouse strains, major histocompatibility complex-matched memory-immune C3.SW-H2b/SnJ and
C57BL/6 mice both demonstrated better control of bacterial replication following reinfection with M. tubercu-
losis than control mice. Nevertheless, this memory response did not appear to have any long-term protective
effect for either mouse strain. A greater understanding of the immunological factors that govern the mainte-
nance of immunological memory following exposure to M. tuberculosis will be required to develop an effective
vaccine.

Mycobacterium tuberculosis is a major cause of morbidity and
mortality in most regions of the world. Although tuberculosis
has been a treatable disease for the last 50 years, the lack of an
efficacious vaccine, poor access to healthcare, and the emer-
gence and spread of drug-resistant M. tuberculosis are contrib-
uting to the reemergence of a global epidemic of tuberculosis
(31). Consequently, the development of a vaccine that protects
people against pulmonary tuberculosis is an international pri-
ority. Studies in people and in experimental animal models
have shown that T-cell-mediated immunity is critical to control
primary M. tuberculosis infection and to prevent the develop-
ment of reactivation disease (6). Based on these principles,
great emphasis is placed on immunization strategies that elicit
mycobacterium-specific T cells (11). The development of a
T-cell-based vaccine requires a thorough knowledge of how
T-cell memory develops following vaccination (11). One of the
greatest deficits in our knowledge is how the memory-immune
response is affected by chronic infection. Advances in under-
standing the cellular basis for T-cell memory in other model
systems have framed several questions that are relevant to how
T-cell memory is generated following BCG vaccination or M.
tuberculosis infection. These include understanding whether
central or effector memory T cells protect the host from M.
tuberculosis, whether the location of mycobacterium-specific
memory T cells affects resistance, and how persistence of viable
bacteria affects the development of memory T cells (13, 20, 27,
34).

Our original interest in these questions was to understand
whether the susceptibility of certain inbred mouse strains arose
from defects in T-cell function. For example, B6 mice survive
longer than C3H mice following both IV and aerosol infection

(3, 9, 10, 14). Contrary to our expectations, we found that the
mycobacterium-specific T-cell response of susceptible C3H
and resistant B6 mice was similar in many respects, particularly
when major histocompatibility complex differences were taken
into account (3, 9, 10). In fact, experiments using M. tubercu-
losis-infected, major histocompatibility complex-congenic mice
showed that H-2b-restricted T cells produced more gamma
interferon (IFN-�) when stimulated in vitro than H-2k-re-
stricted T cells. In contrast, for mouse strains with the same
H-2 haplotype, T cells from infected C3H mice responded
more robustly in vitro than T cells from mice of the B6 or B10
background (10). Consequently, the response of T cells from
infected C3.SW-H2b/SnJ mice is significantly greater than that
of C3H/SnJ mice or B6 mice. Nevertheless, C3.SW-H2b/SnJ
mice are similarly susceptible as C3H/SnJ mice. However, im-
munological correlates of protective immunity are not well
defined; therefore, there is concern whether the available as-
says used to detect alterations in T-cell phenotype or T-cell
recognition of antigen can adequately assess differences in
susceptibility. To address this problem from a functional per-
spective, we reasoned that the development of T-cell memory
was a good measure of global T-cell function. Therefore, we
sought to determine whether memory-immune B6 and C3H
mice differed in their ability to control bacterial replication
following rechallenge with M. tuberculosis.

The strategy we pursued was to cure M. tuberculosis-infected
mice with antibiotics to generate memory-immune mice (12).
The ability of these memory-immune mice, as well as previ-
ously naı̈ve control mice, to control bacterial replication fol-
lowing challenge with M. tuberculosis was determined. Our
results show that the memory-immune response provides en-
hanced protection, as measured by a more rapid control of
bacterial replication early after infection. However, there was
little long-term benefit when the survival of memory-immune
and control mice was monitored. These results raise important
questions concerning the development of immunity during my-
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cobacterial infection, the role of bacterial persistence, and the
long-term function of T cells during chronic inflammation.

MATERIALS AND METHODS

Mice. A cohort of 136 age-matched female C57BL/6 (B6) and C3.SW-H2b/SnJ
mice was obtained from Jackson Laboratories (Bar Harbor, ME). Mice were
housed in a biosafety level 3 facility under specific-pathogen-free conditions at
the Animal Biohazard Containment Suite (Dana Farber Cancer Institute, Bos-
ton, MA) and were used in a protocol approved by the institution.

Bacteria and aerosol infection. Virulent M. tuberculosis (Erdman strain) cells
were prepared as previously described (2). Forty-eight mice of each strain were
infected via the aerosol route using a nose-only exposure unit (Intox Products,
Albuquerque, NM) (2). A second infection was done using 50 memory-immune
mice (28 C3.SW-H2b/SnJ and 22 B6 mice from the first infection) and 40
additional uninfected control mice (20 of each strain) that were from the original
cohort of mice. All time points used six mice/group.

Antibiotic treatment. Between days 21 and 81, isoniazid and rifabutin (both at
100 mg/liter) were added to the drinking water of infected mice. The drinking
water was changed twice weekly during the treatment period, and the mice had
access to the water ad libitum.

CFU determination. After euthanasia by CO2 inhalation, the inferior vena
cava was severed and blood was purged from the lungs by perfusing with RPMI
1640 through the right ventricle of the heart. The left lung and half a spleen were
aseptically removed and individually homogenized in 0.9% NaCl–0.02% Tween
80 with Mini-Bead Beater 8 (Biospec Products, Bartlesville, OK). CFU were
quantified by plating 10-fold serial dilutions of organ homogenates onto 7H11
Mitchinson agar plates (Remel, Lenexa, Kansas). Colonies were counted after 3
weeks of incubation at 37°C.

Flow cytometry. Splenocytes were prepared by standard protocols, and lung
mononuclear cells (MNC) were prepared by collagenase digestion of lung tissue
after intravascular perfusion with phosphate-buffered saline as previously de-
scribed (9, 10). One million splenocytes or lung MNC were stained with anti-
bodies to CD4, CD8, CD11a, and CD69 or an appropriate isotype control (all
from Pharmingen, San Diego, CA). After fixation with 1% paraformaldehyde
and storage at 4°C overnight, the cells were analyzed using a FACSort (Becton
Dickinson, San Jose, CA) flow cytometer. The FlowJo software program was
used to analyze the data (Tree Star Inc., Stanford, CA).

In vitro restimulation assays. Lung MNC in vitro restimulation assays were
done as previously described (2, 9, 10). Lung mononuclear cells (3 � 106 cells/ml)
in a volume of 2 ml were incubated in complete medium in the presence of M.
tuberculosis H37Ra sonicate (11) (diluted 1:1,000, 1:5,000, or 1:25,000) or Ag85
(obtained from John Belisle, Colorado State University, through the National
Institutes of Health/National Institute of Allergy and Infectious Diseases con-
tract NO1-AI-75320 entitled “Tuberculosis Research Materials and Vaccine

Testing”) at 3.3 or 10 �g/ml or in medium alone for 48 h at 37°C. Culture
supernatants were assayed for cytokines by an enzyme-linked immunosorbent
assay by using antibody pairs and cytokines from Pharmingen (San Diego, CA).

BAL. Bronchoalveolar lavage (BAL) fluid was collected as previously de-
scribed (9, 10). Briefly, the trachea was exposed and repeatedly lavaged four or
five times with a single 1-ml aliquot of sterile 0.005 M EDTA in phosphate-
buffered saline. The BAL fluid was stored at �80°C prior to its assay by cytokine
enzyme-linked immunosorbent assay.

Histological analysis. Lung tissue was preserved in Z-fix (Anatech, Battle
Creek, MI) and then embedded in paraffin. Five-�m-thick sections were stained
with hematoxylin and eosin stain, trichrome stain, or acid-fast bacillus (AFB)
staining to confirm the bacterial load in the lung (11). Images were obtained
using a Leica DMLB microscope and a Nikon Coolpix 9500 digital camera. The
images were adjusted and assembled in Adobe Photoshop 7.0.

Statistics. The Prism software program was used to perform all statistical
analyses (Graphpad, San Diego, CA). CFU were log10 transformed before anal-
ysis. The statistical significance of two-way comparisons was tested using a two-
tailed t test. The statistical significance of multiple CFU comparisons was tested
using the nonparametric Kruskal-Wallis test with Dunn’s posttest, which makes
no assumptions about the normality of the data (i.e., it is a nonparametric test).
Other multiple comparisons were performed using two-way analysis of variance
using Bonferroni posttests. The log rank test using the Kaplan-Meier method was
used to compare differences in the survival of mouse strains.

RESULTS

Generation of memory-immune mice. We have previously
shown that C3H mice are more susceptible than B6 mice based
on survival, both after intravenous and aerosol infection with
virulent M. tuberculosis (3, 10). While the H-2 haplotype affects
the T-cell recognition of mycobacterial antigens, susceptibility
of C3H mice is independent of the H-2 haplotype (10).

Based on our previous work, susceptible C3.SW-H2b/SnJ
and resistant B6 mice were infected by the aerosol route with
virulent M. tuberculosis. On day 20 after infection, six mice per
strain were sacrificed and the CFU in the lung and spleen were
enumerated. As expected, the bacterial burden in the lungs of
B6 and C3.SW-H2b/SnJ mice was similar (Fig. 1A) (2, 10). In
contrast, fewer CFU were detected in the spleens of C3.SW-
H2b/SnJ mice than in B6 mice (P � 0.0112), which has been

FIG. 1. Generation of memory-immune mice. (A) Bacterial burden in the lungs and spleens of B6 and C3.SW-H2b/SnJ mice following primary
infection. The number of bacteria in the lungs (squares) and spleens (circles) of B6 (closed symbols) and C3.SW-H2b/SnJ (C3Hb) (open symbols)
mice was determined 21 days after primary infection with M. tuberculosis by the aerosol route. Six mice per group were used, and the results show
the CFU from each individual mouse. The bars represent the medians. (B) The survival of B6 and C3.SW-H2b/SnJ (C3Hb) mice following primary
M. tuberculosis infection. Starting on day 21, mice were treated with isoniazid (INH) and rifabutin (rif) for 60 days. The bars indicate the treatment
periods. (C) The bacterial burden in the lungs of antibiotic-treated mice. The lung CFU of B6 (closed circles) and C3.SW-H2b/SnJ (C3Hb) (open
circles) mice was determined on days 95 (d95) and 108 (d108) after primary infection (14 and 27 days after the cessation of antibiotic treatment).
Six mice per group were used, and the CFU from individual mice is plotted on a linear scale. The limit of detection is 10 CFU/mouse lung.
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FIG. 2. Tissue histopathology of the lung in memory-immune mice. (A) M. tuberculosis-infected B6 and C3.SW-H2b/SnJ (C3Hb) mice were
sacrificed after receiving 60 days of antibiotic treatment followed by 30 days of rest. Representative lung sections are shown stained with
hematoxylin and eosin (H&E) or trichrome stain. Magnifications: top row, �25; bottom row, �200 (B6) or �100 (C3Hb). (B) Lung tissue from
the B6 and C3.SW-H2b/SnJ (C3Hb) mice depicted in panel A was stained for AFB. The photographs were from the periphery (B6) or center
(C3Hb) of the granuloma. Magnification, �1,000. (C) Representative histological appearance of granulomas 21 days after infection from B6
memory-immune mice (2°) or previously naı̈ve mice (1°). Magnification, �600.
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previously reported to arise from delayed systemic bacterial
dissemination in C3H mice compared to B6 mice (2, 10).

To make memory-immune mice, infected B6 and C3.SW-
H2b/SnJ mice were treated with isoniazid and rifabutin starting
on day 21 for a total of 60 days. During the fourth week of
infection, four C3.SW-H2b/SnJ mice died but no other deaths
occurred during the first phase of the experiment (Fig. 1B). On
day 81, the antibiotics were discontinued and the mice were
observed for another 30 days.

Groups of mice were sacrificed on day 95 and 108 to ascer-
tain whether the antibiotic regimen successfully sterilized the
lungs of infected mice. No CFU were detected in the lungs of
20 out of 23 mice analyzed (level of detection � 10 CFU). In
three mice, between 10 and 110 CFU were detected (Fig. 1C).
This degree of sterilization was similar to that reported by
other studies examining the memory-immune response in an-
tibiotic-treated mice (21, 29). On day 111 postinfection, the
remaining mice (hereafter referred to as memory-immune
mice) were challenged with M. tuberculosis by the aerosol
route. In addition, age- and gender-matched mice from the
same original cohort that had not been originally infected were
infected at the same time (these control mice will be referred
to as previously naı̈ve mice). This design allowed us to simul-
taneously compare the primary and secondary responses in B6
and C3.SW-H2b/SnJ mice.

Granuloma formation and T-cell activation in memory-im-
mune mice. Following antibiotic treatment, we observed that
the pulmonary granulomatous lesions underwent consolidation
and became small, dense lesions made up predominantly of
lymphocytes (for an example, see B6 lung in Fig. 2A). In a
separate experiment of similar design during which full steril-
ization of the lungs was not achieved, the lesions of the C3.SW-
H2b/SnJ mice continued to evolve and more closely resembled
human granulomas. For example, a rim of lymphocytes was
clearly defined and the centers of the granulomas were some-
what necrotic, as indicated by the pale eosinophilic centers of
the nodules, some which began to cavitate (Fig. 2A). The
granuloma centers contained cellular debris and scattered
polymorphonuclear and myeloid cells. The nodules were
largely fibrotic, as can be observed by the extensive extracel-
lular matrix stained blue by the trichrome stain (Fig. 2A).
Acid-fast bacteria were detected in the lesions of both B6 and
C3.SW-H2b/SnJ mice. While the AFB in the B6 mice were

detected within macrophages found in the periphery of the
lesions, most of the bacteria in the C3.SW-H2b/SnJ mice were
detected in the centers of the necrotic granulomas (Fig. 2B).
These findings contrast with the pathological picture in C3H
mice following primary respiratory infection under standard
conditions. One typically observes granulomatous inflamma-
tion without discrete granuloma formation and a paucity of
lymphocytic infiltrates. Instead, one sees intense neutrophilic
infiltrates and diffuse necrosis (9, 10). We hypothesize that
because of the fulminate nature of this process in C3H mice,
the lesions do not ordinarily have time to evolve. In this ex-
periment, mice were rescued using antibiotics and conse-
quently, the lesions had an opportunity to evolve and partially
heal.

In contrast, the histopathologies of the lungs of B6 and
C3.SW-H2b/SnJ mice from the experiment depicted in Fig. 1C,
in which the lungs were successfully sterilized, were similar to
each other. The majority of the lung tissue appeared normal
except for between zero and four small healing lesions with
dense lymphocytic infiltrates, similar to the ones in the lungs of
the B6 mice depicted in Fig. 2A. Granuloma formation after
infection differed between memory-immune and previously na-
ı̈ve mice. When examined 21 days after rechallenge, the gran-
ulomas found in the lungs of memory-immune mice had more
prominent lymphocytic infiltrates, which is likely to be a con-
sequence of more rapid activation and recruitment of T cells
into the lung (Fig. 2C and Table 1).

By day 21 after infection, previously naı̈ve and memory-
immune mice recruited similar numbers of T cells to the lung
(�6 � 106 to 7 � 106/lung) and there was no difference be-
tween B6 and C3.SW-H2b/SnJ mice (data not shown). Mem-
ory-immune mice had more pulmonary T-cell activation than
previously naı̈ve mice. The cell surface expression of CD11a,
which is upregulated on antigen-experienced and memory T
cells (26, 33), and of CD69, which is a T-cell activation marker
(30), was measured 21 days after M. tuberculosis challenge. A
greater percentage of CD11aHI CD4� and CD8� T cells from
the lungs of memory-immune mice expressed the activation
marker CD69 (Fig. 3 and data not shown). For CD8� CD11aHI

T cells, 42.1% and 72.8% expressed CD69 in the lungs of
memory-immune B6 and C3.SW-H2b/SnJ mice, respectively,
compared with 18.8% and 48.3% for the previously naive mice
(Fig. 3). For the CD4� CD11aHI T cells, 61.1% and 81.0%

TABLE 1. Summary of pathological findings of M. tuberculosis-infected mice

Immune status before challenge
with M. tuberculosis and

mouse strain
Summary of pathological findings

Previously naı̈ve
B6 Medium to large areas of granulomatous inflammation, especially in the peribronchial and perivascular

areas, with some lymphocytes and scattered PMN; AFB present
C3.SW-H2b/SnJ Small to medium areas of granulomatous inflammation, especially in the peribronchial and

perivascular areas, with some lymphocytes and scattered PMN; AFB present

Memory immune
B6 Mostly small to medium, discrete granulomas with prominent lymphocytic infiltrates, some foamy

macrophages, some with hemosiderin deposits; few AFB detected
C3.SW-H2b/SnJ Small to medium areas of granulomatous inflammation, some discrete granulomas with prominent

lymphocytic infiltrates, foamy macrophages prominent, some with hemosiderin deposits; few AFB
detected
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expressed CD69 in the lungs of memory-immune B6 and
C3.SW-H2b/SnJ mice, respectively, compared with 34.9% and
65.4% for the previously naive mice (data not shown). We
believe that these results may indicate that memory-immune
mice have more efficient activation and/or expansion of mem-
ory T cells than previously naı̈ve mice. The total percentage of
CD11aHI cells is lower in the secondary B6 response than the
primary B6 response, and this may be due to the kinetics of the
response.

These results are consistent with the increased frequency of
activated memory CD4� and CD8� T cells following second-
ary infection observed by others (30). We have also studied the
expression of CD62L and CD45RB in the memory-immune
and previously naı̈ve mice following rechallenge and did not

observe differences with these markers between the memory-
immune and previously naı̈ve mice or between B6 and C3.SW-
H2b/SnJ mice at the time points in this study (see reference 10
for modulation of CD69, CD11a, and CD62L during the pri-
mary immune response) (data not shown). In these experi-
ments, we observed a uniform decrease in the expression of
CD62L and CD45RB in all groups (data not shown), which is
not surprising since these markers do not distinguish between
activated and effector memory T cells.

We have previously shown that IFN-� is detected in the BAL
fluid of C3.SW-H2b/SnJ mice following infection and corre-
lates with their mycobacterial-antigen-specific T-cell immune
response (10). Following sterilization with antibiotics, the
amount of IFN-� detected in the BAL fluid was decreased in
both B6 and C3.SW-H2b/SnJ mice (Fig. 4A). Increased IFN-�
levels were found in both previously naı̈ve and memory-im-
mune mice 21 days after infection with M. tuberculosis (Fig.
4A). Although similar levels were found in both B6 and
C3.SW-H2b/SnJ mice, increased levels were detected in the
memory-immune mice, consistent with the greater T-cell acti-
vation and T-cell production of IFN-� production as observed
by others (30).

Although there was no difference in the BAL fluid levels of
IFN-� between B6 and C3.SW-H2b/SnJ mice, we detected
considerably more IFN-� production by C3.SW-H2b/SnJ lung
MNC (Fig. 4B and C). A similar pattern was observed in the
draining pulmonary lymph node and in the spleen (data not
shown). This is consistent with our previous observation that T
cells from C3.SW-H2b/SnJ mice proliferate more and produce
more IFN-� than T cells from H-2k mice or mice of the B6 or
B10 background (10). A clear difference between the primary
and secondary recall response in the lung was not observed,
contrary to our expectations, which may have been due to the
secondary response peaking earlier than the primary response
(30). Interestingly, the secondary response of C3.SW-H2b/SnJ
mice differed qualitatively from the primary response. For the
secondary response, the M. tuberculosis sonicate induced more
IFN-�, while Ag85 induced less IFN-�, which may indicate a
diversification of the immune response in C3.SW-H2b/SnJ
mice (Fig. 4C). We speculate that the overexuberant immune
response of C3.SW-H2b/SnJ mice could contribute to their
increased susceptibility, although this is tempered by our find-

FIG. 3. Activation of pulmonary T cells following M. tuberculosis
infection. CD8� T cells from the lungs of previously naı̈ve (1°) or
memory-immune (2°) B6 and C3.SW-H2b/SnJ (C3Hb) mice were an-
alyzed 21 days after infection for their expression of CD11a and CD69.
While all CD8� T cells expressed CD11a, subpopulations that ex-
pressed high or intermediate levels could be identified. The percentage
of CD11aHI cells expressing CD69 is shown. The percentage of cells in
each quadrant is shown in the lower part of each plot.

FIG. 4. Immunity following respiratory M. tuberculosis infection. (A) The concentration of IFN-� in the BAL fluid was measured after
treatment with antibiotics (pre) and 21 days after challenge of previously naı̈ve mice (1°) or memory-immune mice (2°). Data represent the means
of six mice per group plus standard error. (B) IFN-� production by lung MNC isolated from previously naı̈ve B6 and C3.SW-H2b/SnJ mice 21 days
after respiratory infection with M. tuberculosis. Lung MNC were cultured in vitro in media alone or stimulated with Ag85 (10 �g/ml) or M.
tuberculosis sonicate (1:5,000 dilution). (C) IFN-� production by lung MNC isolated from memory-immune B6 and C3.SW-H2b/SnJ mice 21 days
after respiratory infection with M. tuberculosis was performed as described for panel B. C3Hb, C3.SW-H2b/SnJ. **, P � 0.01, and ***, P � 0.001,
by two-way analysis of variance using Bonferroni’s posttest.
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ing that other substrains of C3H mice of the H-2k haplotype
make significantly less IFN-� but are similarly susceptible (10).

The memory response more effectively controls bacterial
replication. We assessed whether the memory-immune re-
sponse could protect susceptible C3.SW-H2b/SnJ mice simi-
larly to resistant B6 mice. The ability of memory-immune B6
and C3.SW-H2b/SnJ mice to control bacterial replication was
compared to that of previously naı̈ve B6 and C3.SW-H2b/SnJ
mice. Because the memory-immune response peaks more rap-
idly than the primary immune response (30), we hoped to
detect a difference between previously naı̈ve and memory-
immune mice 3 weeks after rechallenge with M. tuberculosis.
The lung bacterial burden was similar in previously naı̈ve B6
and C3.SW-H2b/SnJ mice (Fig. 5A). In contrast, the lung bac-
terial burden in memory-immune mice was nearly 1 log less
than that in previously naı̈ve mice (P � 0.01 and � 0.05 for B6
and C3.SW-H2b/SnJ mice, respectively, by the Kruskal-Wallis
test with Dunn’s posttest). B6 and C3.SW-H2b/SnJ memory-
immune mice did not differ from each other (Fig. 5A). In an
independent experiment, the lung CFU did not differ between
memory-immune B6 and C3.SW-H2b/SnJ mice. In the spleen,
the protective effect of the memory-immune response was ap-
proximately 2 logs in B6 mice. The spleen bacterial burdens of
B6 and C3.SW-H2b/SnJ memory-immune mice and previously
naı̈ve C3.SW-H2b/SnJ mice were similar. In contrast, previ-
ously naı̈ve B6 mice had more bacteria in the spleen than the
other groups (P � 0.001), which is likely to be a consequence
of early dissemination, as discussed above (Fig. 1). Thus, by
these standard measurements, both B6 and C3.SW-H2b/SnJ
mouse strains mount a protective memory-immune response.

Another time point was done on experimental day 287, 176
days after the mice were rechallenged with M. tuberculosis (Fig.

5B). For the previously naı̈ve B6 mice, there was little differ-
ence in the lung bacterial burden between day 21 and day 176.
In contrast, the lung bacterial burden increased in B6 memory-
immune mice between day 21 and day 176. This plateau or
chronic stable phase is typically observed and represents the
attainment of equilibrium between bacterial replication and
immune control. Sufficient numbers of previously naı̈ve
C3.SW-H2b/SnJ mice were unavailable for the day 176 time
point, as many had succumbed by this late time point; however,
the lung CFU of C3.SW-H2b/SnJ memory-immune mice in-
creased from day 21 to day 176 postinfection, as was observed
for B6 mice. Thus, while the lung CFU of the previously naı̈ve
mice remained relatively constant during the course of the
experiment, the lung bacterial burden in memory-immune
mice slowly increased between day 21 and day 176, although
testing did not show these differences to be statistically signif-
icant. The observed convergence of pulmonary CFU 6 months
after infection minimized the beneficial effect of the memory
response.

The effect of the memory response on survival. To determine
the long-term benefit of memory in host defense against tu-
berculosis, the survival of memory-immune mice was com-
pared to that of previously naı̈ve mice (Fig. 6). Because of the
prolonged duration of this experiment, four uninfected age-
and gender-matched mice of each strain were housed in par-
allel and survived more than 600 days (data not shown). Sur-
prisingly, there was no difference in the survival of previously
naı̈ve and memory-immune C3.SW-H2b/SnJ mice (mean sur-
vival time, 168 and 163, respectively). Memory-immune B6
mice survived longer than previously naı̈ve B6 mice (401.5 days
versus 343 days; P � 0.027), but it is uncertain whether this
17% increase in mean survival time is biologically significant.

FIG. 5. Bacterial burden in the lungs and spleens of B6 and C3.SW-H2b/SnJ mice after secondary infection. Age- and gender-matched
previously naı̈ve (squares) or memory-immune (circles) B6 (closed symbols) and C3.SW-H2b/SnJ (C3Hb) (open symbols) mice were infected by
the respiratory route with M. tuberculosis. Six mice per group were used, and each symbol represents the CFU results from an individual mouse.
The bars represents the medians. *, memory immune. (A) The bacterial load was measured in the lungs and spleens 21 days after infection. (B) The
lung bacterial burden 6 months after secondary infection. The results obtained on day 21 (d21) (from Fig. 5A) are repeated here for comparison.
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These data show that the enhanced protection observed in
memory-immune mice 21 days after infection does not neces-
sarily predict the long-term outcome of M. tuberculosis infec-
tion.

DISCUSSION

To better understand the memory-immune response in sus-
ceptible and resistant mouse strains, memory-immune mice
were generated by sterilizing M. tuberculosis-infected mice with
antibiotics. Following a rest period, both memory-immune and
previously uninfected age-matched controls were infected with
M. tuberculosis by the aerosol route. Three weeks after second-
ary infection, a memory-immune response was detected in
both susceptible C3H and resistant B6, as indicated by the
more effective control of bacterial replication than that in
previously uninfected control mice. These results are consis-
tent with other reports of enhanced bacterial control observed
in mice previously infected with M. tuberculosis and then ster-
ilized using antibiotics (4, 30). Despite evidence of a memory
response, the mortality of memory-immune and naı̈ve C3H
mice was indistinguishable. Similarly, memory-immune B6
mice had only a modest increase in survival compared to pre-
viously naı̈ve B6 mice.

Why mice ultimately die from tuberculosis is not well un-
derstood, although it is related to the total bacterial load and
immunopathology. During the acute phase of respiratory M.
tuberculosis infection, the immune system controls bacterial
replication within 2 to 4 weeks. The lung bacterial burden then
remains stable in a plateau or stationary phase following both
IV and respiratory infection (22, 32). Late during infection,
recrudescence can occur, as signified by increased bacterial
replication in the lung, which often precedes death. Why re-
crudescence occurs is poorly understood. Orme showed that T
cells taken from mice during the recrudescence phase of dis-
ease were still able to transfer resistance to control mice (22).
This paradox, that T cells unable to control bacterial replica-
tion in chronically infected mice could provide protection to

naive mice from M. tuberculosis, suggests either that recrudes-
cence occurs independently of T-cell-mediated immunity or
that it occurs because of a local impairment of T-cell function.
Diminution of T-cell function could arise because of the local
production of regulatory cytokines, activation-induced cell
death, or exhaustion or through the action of regulatory T
cells. What appears to be clear is that in both resistant and
susceptible mice, immunity ultimately fails and the mice suc-
cumb to disease.

Protection induced by vaccination or afforded by memory
immunity is frequently measured by determining the pulmo-
nary bacterial burden within the first month after M. tubercu-
losis challenge; fewer studies measure survival (4, 15, 19, 25,
30). Our results show a discrepancy between lung CFU 21 days
postchallenge and survival. Several explanations can be ad-
vanced to explain this disparity. One possibility is that the
enhanced protection observed on day 21 postchallenge was
due to the recent activation of innate immunity by the patho-
gen following primary infection. Another possibility is that the
memory-immune response initially provides protection, but
the primary response to the pathogen is able to “catch up”.
This possibility is supported by experiments showing that T
cells obtained 20 days after infection of previously naı̈ve or
memory-immune mice have a similar capacity to transfer pro-
tection (21). While this is true in an adoptive transfer model, if
bacterial replication is controlled earlier in memory-immune
mice, the set point for the plateau phase will be lower and the
survival would be predicted to be longer (19). Finally, the
memory-immune response might fail late during the course of
infection. As discussed above, the failure of a protective host
response may be due to local factors such as the suppression of
T-cell function.

In contrast with our results, other studies have shown that
Mycobacterium bovis BCG vaccination has the capacity to pro-
long the survival of susceptible DBA/2 and resistant B6D2F1
and BALB/c mice (15, 19). Importantly, the BCG-vaccinated
mice in these experiments were treated with antibiotics to clear
BCG before challenge with M. tuberculosis. These studies differ
from ours in a number of details that may have affected the
ultimate outcome of infection. For example, the BCG-infected
mice received antibiotics for 10 days and were challenged 3
days later. In our study, treatment extended for 60 days and the
mice were challenged 30 days later. Although both antibiotic
regimens appear to be efficacious at eliminating the bacteria,
the status of mycobacterium-specific memory T cells may be
very different. Another variable is that DBA/2 and BALB/c
mice differ at the nramp1 locus. Thus, while BALB/c mice are
resistant to M. tuberculosis, their ability to clear BCG may be
impaired compared to mouse strains that have the
nramp1Gly169 allele, which is associated with resistance to in-
tracellular infection (e.g., C3H, DBA/2) (8, 16, 17). Although
this question has never been addressed directly, data showing
that BCG Montreal can elicit protective immunity to M. tuber-
culosis irrespective of the nramp1 genotype suggest that this
difference is unlikely to be relevant (15, 23).

While the ultimate outcome of our experiments differs from
those done by North (15, 19), they are nevertheless consistent
with his assertion that vaccine-induced protection is mani-
fested predominantly during the early phase of infection.
While active M. tuberculosis infection may interfere with the

FIG. 6. Survival of previously naı̈ve and memory-immune B6 and
C3.SW-H2b/SnJ mice following respiratory infection with M. tubercu-
losis. Age- and gender-matched control (open symbols) or memory-
immune (closed symbols) B6 (squares) and C3.SW-H2b/SnJ (C3Hb)
(circles) mice were infected by the respiratory route with M. tubercu-
losis and their survival monitored. Numbers of days after the second
aerosol infection are shown. The arrow corresponds to day 111 in
Fig. 2. *, memory immune.
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function of the memory-immune response, another important
related question is whether bacterial persistence is required to
maintain an optimum protective-immune response. Although
this has not been definitively evaluated, there are a few studies
that address this issue. T cells from rodents treated with anti-
biotics to clear BCG had a decreased ability to transfer resis-
tance compared to untreated vaccinated mice (12, 24). Al-
though BCG is considered avirulent and mice have been
thought to clear BCG infection, it is now recognized that BCG
is able to persist in mice for over a year depending on the dose
and the route of administration (8, 24, 25). Thus, it is impor-
tant to understand whether the ability of BCG to stimulate
long-lived immunity is related to its ability to establish a per-
sistent infection of the host.

It is surprising given the large number of BCG-vaccinated
persons that few data exist addressing whether BCG persists
following vaccination and whether persistence plays a role in
maintaining its protective efficacy. Anecdotal reports of BCG
persisting for years in vaccinated persons and in patients with
bladder cancer following intravesical BCG therapy have been
noted in the literature (1, 7, 35). Understanding whether the
persistence of vaccine strains affects host immunity has impor-
tant implications for the design of immunization strategies. For
example, auxotrophic mutants of M. tuberculosis have excellent
safety profiles, as they cannot persist even in immunocompro-
mised hosts (28). On the other hand, in immunocompetent
hosts, these mutants may be eliminated so rapidly by the innate
immune system that a sustained protective-immune response
may not be efficiently induced. Experimental data suggest that
this may be more than a theoretical problem. Antibiotic treat-
ment of mice infected with Listeria monocytogenes and BCG
leads to the abrogation of T-cell-mediated immunity (5, 20).
Antibiotic-mediated clearance of BCG results not only in a
decreased antigen-specific T-cell response but also in impaired
host protection (20). While experimental models have delin-
eated how the primary immune response controls bacterial
replication, understanding why recrudescence occurs has been
much more difficult. It is well established that the impairment
of cell-mediated immunity leads to an increased risk of reac-
tivation tuberculosis. Understanding why immunity fails in ex-
perimental animals may provide insight into the basis for re-
activation tuberculosis in people.
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